Photoluminescence (PL) properties of β-FeSi 2 polycrystalline thin films and Si/β-FeSi 2 /Si doublehetero (DH) structure samples grown by an RF magnetron sputtering method were investigated. In the thin films, the PL intensity at 1.54 μm was increased in B-doped β-FeSi 2 films. In the Si/Bdoped β-FeSi 2 /Si DH samples, the PL intensity became much larger than the B-doped thin films. In the dependence of PL intensity on β-FeSi 2 -thickness, the PL intensity strongly depended on the β-FeSi 2 thickness and showed a maximum at 2.5 nm. In the measurements of PL lifetime, the PL lifetimes were constant in the DH samples with different thickness of β-FeSi 2 . These results showed that the confinement of photoexcited carriers in the β-FeSi 2 layer decreased as the β-FeSi 2 thickness increased.
Introduction
The photoluminescence (PL) at 1.54 μm from semiconducting β-FeSi 2 on Si substrates has attracted interest as applications to silicon-based optoelectronics. 1, 2) The PL has been observed in β-FeSi 2 grown by the ion-beam-synthesized (IBS) method, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] molecular beam epitaxy (MBE) [13] [14] [15] [16] and metal organic chemical vapor deposition. [17] [18] [19] [20] The detailed PL properties have been mainly reported in β-FeSi 2 precipitates embedded in a silicon matrix because the IBS-grown β-FeSi 2 precipitates showed relatively strong PL. 21, 22) In the IBS growth, a longtime annealing at 800°C−900°C was needed to remove implantation damages and form β-FeSi 2 precipitates. 23, 24) The investigation of PL lifetimes in the IBS β-FeSi 2 revealed that the PL from β-FeSi 2 precipitates included the intrinsic PL of β-FeSi 2 and the dislocation-related PL of Si-damaged layer even after the long-time annealing. In the epitaxial multilayer of Si/β-FeSi 2 /Si grown by MBE, the 1.54 μm PL also included both the intrinsic PL of β-FeSi 2 and the dislocation-related PL of Si. 25) In this situation, it is necessary to fabricate the β-FeSi 2 samples which shows only the intrinsic PL for the investigation of PL properties in β-FeSi 2 .
Recently, we have succeeded in the fabrication of undoped β-FeSi 2 polycrystalline films with low electron density (∼2 × 10 16 cm −3 ) and high electron mobility (∼800 cm 2 V −1 s −1 ) by an RF magnetron sputtering method. 26) The analysis by secondary ion mass spectrometry (SIMS) showed that the main residual impurity in these polycrystalline films was As [(2-5) × 10 18 cm −3 ] which was included in the 5 N Fe source. The concentration of transition metals such as Cr, Mn, Co, Ni and Cu which acts as a nonradiative-transition center in β-FeSi 2 were lower than the detection limit (∼10 16 cm −3 ). In the control of carrier type, p-type β-FeSi 2 polycrystalline films with a hole density of 10 17 cm −3 were grown by B-doping in the sputtering growth. 27) These results indicate a possibility that the β-FeSi 2 polycrystalline grown by the sputtering method shows the intrinsic 1.54 μm PL of β-FeSi 2 . In this study, PL properties of the β-FeSi 2 films and the Si/β-FeSi 2 /Si doublehetero (DH) structure samples grown by an RF magnetron sputtering method were investigated.
Experimental methods
In the sample growth by RF magnetron sputtering, a Si wafer attached with some chips of high-purity Fe (Toho Zinc Mairon UHP, 5 N) was used as the target for the deposition of Fe-Si layer. An n-type Si wafer (P-doped: 10 13−14 cm −3 ) and p-type Si wafer (high B-doped: 10 19−20 cm −3 , low B-doped: 10 16−17 cm −3 ) were used as the Si target in the growth of undoped and B-doped β-FeSi 2 , respectively. In the thin films, undoped or B-doped Fe-Si amorphous layers with a thickness of 200 nm were deposited on FZ n-Si substrates at room temperature (RT). In the Si/β-FeSi 2 /Si DH samples, the B-doped Fe-Si amorphous layer of 2.5−10 nm was deposited on the FZ n-Si substrates, and then, the Fe-Si layer was covered by a Si amorphous layer of 100 nm at RT. The Si/Fe composition ratio of these Fe-Si layers was confirmed to be Si/Fe ≈ 2.0 by X-ray fluorescence measurements. After the deposition, the samples were annealed at 800°C for 2 h in a rapid thermal annealing furnace to form β-FeSi 2 . In the SIMS measurements of the high B-doped β-FeSi 2 , the averaged B concentration in the layer was about 4 × 10 19 cm −3 . 27) Therefore, the B concentration of β-FeSi 2 can be regarded as almost the same as that of the p-type Si wafer. The structural and electrical properties of the β-FeSi 2 polycrystalline have reported in Ref. 26 . The PL properties of the β-FeSi 2 samples were investigated by PL and time-resolved PL (TR-PL) measurements at low temperature of 4−9 K. The PL was excited using a Nd:YAG laser (532 nm) at an average excitation power of 20 mW and was detected by a liquid nitrogen-cooled Ge pin (Applied Detector 403 l) attached to a 30 cm focal-length single monochromator (Acton Research SpectraPro 300i). The TR-PL spectra were measured using a time-correlated single-photon counting setup (Hamamatsu C7990-12) with a liquid nitrogen-cooled InGaAs photomultiplier tube (Hamamatsu R5509-72). The excitation laser was a pulsed Nd:YAG laser (532 nm) with a pulse width of 0.6 ns and a repetition rate of 17 kHz. In the TR-PL measurements, PL decay curves were measured at a low excitation power of 4 mW cm −2 .
Results and discussion
We investigated the effects of B-doping on PL spectra in the β-FeSi 2 polycrystalline thin films. Figure 1 shows PL spectra of undoped and B-doped β-FeSi 2 films grown on the Si(001) substrate. A weak PL was observed at 0.803 eV (1.54 μm) in the undoped film. The peak energy corresponds to the interband transition (A-band) in β-FeSi 2 . 24) In the Si polycrystalline film (200 nm) grown by the RF sputtering using the same Si target, no PL was observed. The results support that the 1.54 μm PL is the A-band emission of β-FeSi 2 . In the B-doped films, the PL intensity was increased with increase of B-concentration. In the PL spectra of B-doped films, it was found that two components peaked at 0.803 eV (A-band) and 0.77 eV were included in the spectra. The PL at 0.77 eV has been assigned to be C-band in β-FeSi 2 which was extrinsic emission due to radiative defects in β-FeSi 2 . 24) The two PL components was increased at higher B-concentration. Thus, it was found that B-doping is effective to enhance the PL intensity of β-FeSi 2 . The high B-doped β-FeSi 2 was used as the emission layer in the Si/β-FeSi 2 /Si DH samples. The PL spectra of high B-doped thin film and DH samples grown on the Si(001) substrates are shown in Fig. 2 . The β-FeSi 2 thickness of the DH sample was 10 nm. In the PL spectra of DH sample, a third B-band emission at 0.85 eV was observed with the A-band and C-band emissions. The B-band emission was also extrinsic emission due to radiative defects in the Si layer on β-FeSi 2 . 24) The PL intensity of A-band in the DH sample was 15 times larger than that of the thin film. The enhancement of PL intensity in the DH clearly indicates that photoexcited carriers are recombined efficiently in the Bdoped β-FeSi 2 layer.
In the next step, the DH structure was optimized to increase the PL intensity. In the optimization, the thickness of β-FeSi 2 layer, the orientation of Si substrate, and the growth temperature (T s ) were changed as growth parameters. The PL spectra of DH samples grown on Si(001) substrates at T s = RT are shown in Fig. 3 . The PL intensity strongly depended on the β-FeSi 2 thickness, and the 1.54 μm PL was observed only in the DH samples with β-FeSi 2 thickness of 2.5 and 10 nm. In the PL spectra of the DH samples grown on Si(111) substrates at T s = RT (Fig. 4) , the PL intensity was changed with the β-FeSi 2 thickness, but the 1.54 μm PL intensity was relatively larger than that in the DH on Si(001). The results show that the growth of DH on Si(111) substrates is suitable to obtain the larger PL intensity. In these DH samples, the β-FeSi 2 and the Si cover layers are polycrystalline films because they are grown by solid-phase epitaxy (SPE) from the amorphous layers. In order to investigate whether the PL intensity depends on the β-FeSi 2 crystallinity of epitaxial or polycrystalline films, epitaxially grown DH samples were prepared. In the optimization of growth temperature at T s = 500°C-670°C, the diffraction peaks of β-FeSi 2 (220)(202) and β-FeSi 2 (440)(404) without other peaks due to β-FeSi 2 phase were observed in the β-FeSi 2 film grown on Si(111) substrates at T s = 550°C in X-ray diffraction (XRD) measurements (not shown). The XRD results showed that the highly-oriented β-FeSi 2 (110)(101)//Si (111) films was grown at T s = 550°C by the deposition of Fe-Si layer. So, the DH samples with different β-FeSi 2 thickness were grown on Si(111) substrates at T s = 550°C. Figure 5 shows the PL spectra of DH samples grown at T s = 550°C. As seen in the figure, there was no difference in the PL spectrum shape and peak energy in comparison with the DH samples grown at T s = RT. The peak intensity of these DH samples was summarized as a function of β-FeSi 2 thickness in Fig. 6 . In the three types of DH samples, the PL intensity depended strongly on the β-FeSi 2 thickness. As seen in Fig. 6 , the DH samples grown on Si (111) at T s = RT showed the strongest PL intensity at each β-FeSi 2 thickness. In the DH samples, the PL intensity became large with decrease of β-FeSi 2 thickness, resulting in the maximum PL intensity in the DH with 2.5 nm β-FeSi 2 . In the DH samples grown on Si (111) at T s = 550°C and grown on Si (001) at RT, the dependence of PL intensity on β-FeSi 2 thickness was different from the DH grown on Si (111) at RT. The reason for this difference is unclear at present, but it may be due to a non-uniformity of β-FeSi 2 thickness during the sputtering growth or crystal morphology after silicide growth. So, we focused on the DH samples grown on Si(111) substrates at RT, which showed largest PL intensity at each β-FeSi 2 thickness. To investigate the thickness-dependence of PL intensity, TR-PL measurements were performed in the DH samples grown on Si (111) at T s = RT. Figure 7 shows the PL decay curves measured at the PL peak energy in the DH samples with different β-FeSi 2 thickness. The decay curves are vertically shifted for clarification. The PL decay curves was fitted by the equation of ( )
where I i and t i is the PL intensity and the PL decay time for the ith decay process. By the fitting results using i = 2 (solid lines in Fig. 7) , two decay times of τ 1 and τ 2 were determined in the each decay curve. The obtained lifetimes are plotted in Fig. 8 . The lifetimes of τ 1 and τ 2 were almost constant and did not changed with the β-FeSi 2 thickness. The PL decay time at 4 K represents the radiative-transition probability (1/τ 1 , 1/τ 2 ) of the dominant PL process due to the suppression of nonradiative recombination processes at low temperature. These results revealed that the radiative-transition probability of the interband transition in β-FeSi 2 was almost constant, but the PL intensity strongly depended on the β-FeSi 2 thickness.
In the electrical properties of the B-doped β-FeSi 2 film, it was confirmed that acceptor levels was formed at 10 and 245 meV above the valence band. 27) In the PL process of the B-doped films, the photoexcited holes is captured at the shallow acceptor level. The recombination of electron and hole becomes easy due to the hole trapping, resulting in the increase of PL intensity in the B-doped thin films. Therefore, it is considered that the PL at 0.83 eV in B-doped samples is not the interband transition (A-band), but it is the conduction band-acceptor pair emission. In this study, the two emissions were indistinguishable from each other because the acceptor level formed by B-doping was very shallow (10 meV). In the band diagram of β-FeSi 2 /Si heterojunctions, the electron affinity of Si (4.01 eV) and β-FeSi 2 (4.33 eV) yields the discontinuity of the conduction band (ΔE c ) of 0.32 eV. The ΔE c is much larger than the discontinuity of the valence band (ΔE v ≈ 0.03 eV). [28] [29] [30] Therefore, in the undoped β-FeSi 2 embedded in Si, the photoexcited electrons are confined in the conduction band of β-FeSi 2 , but the hole confinement in the valence band is very weak. In this study, Si/undoped β-FeSi 2 /Si DH sample was also fabricated by the RF sputtering method, but the enhancement of PL intensity was not observed in the DH samples (not shown) in comparison with the undoped thin film. In contrast, the significant increase of PL intensity was observed in the Si/Bdoped β-FeSi 2 /Si DH sample in Fig. 2 . These results supported that the increase of PL intensity was induced by both the hole capturing at the acceptor level and the carriers injection from Si to β-FeSi 2 . As mentioned before, the large portion of β-FeSi 2 layer in the DH samples grown at T s = RT is polycrystalline due to the SPE growth from amorphous layer. In the B-doped DH samples grown at T s = RT, however, the DH grown on Si(111) showed stronger PL intensity that that on Si(001) at each β-FeSi 2 thickness (Fig. 6 ). This fact suggests that there is partial epitaxial growth at the β-FeSi 2 /Si substrate heterointerface. In the epitaxial relationship between β-FeSi 2 and Si, the β-FeSi 2 (110)(101)//Si(111) and the β-FeSi 2 (100)//Si(001) heterointerfaces are formed in the β-FeSi 2 on Si(111) and the β-FeSi 2 on Si(001) substrates, respectively. The stronger PL intensity in the DH grown on Si(111) indicates that the formation of β-FeSi 2 (110)(101)//Si(111) interface is effective to enhance the PL intensity. In the DH grown on Si(111) at 550°C, the highly-oriented β-FeSi 2 (110)(101)//Si(111) layer was formed, but the PL intensity is slightly stronger in the DH grown on Si(111) at T s = RT. So, it is considered that the PL intensity depends not only on the crystal orientation of Si substrate but also on the crystal morphology of β-FeSi 2 . In further study, the crystal morphology and size of β-FeSi 2 should be investigated by transmission electron microscopy (TEM).
In the TR-PL measurements of IBS-grown β-FeSi 2 precipitates and MBE-grown Si/β-FeSi 2 /Si DH samples, fast PL lifetimes of τ 1 (70−100 ns), τ 2 (550−670 ns) and a slow lifetime of τ 3 (3.3−4.5 μs) has been reported. 25) The τ 1 , τ 2 and τ 3 were assigned to the intrinsic PL lifetimes of interband transition in β-FeSi 2 and the extrinsic PL lifetime of the dislocation-related PL in Si, respectively. In the IBS-grown β-FeSi 2 precipitates, a defective Si layer was formed under the precipitates owing to implantation damage. 23) In the MBE growth, Fe was deposited on the heated Si substrates. At that time, the defects were generated in the Si substrates due to the fast diffusion of Fe atoms into Si substrate. The dislocation-related PL of τ 3 originates from these Si-defects in the IBS-and MBE-grown β-FeSi 2 samples. On the other hand, the long lifetime of τ 3 was not observed in the DH sample grown on Si (111) at T s = RT. This fact showed that the PL of SPE-grown DH samples contained only the intrinsic PL from β-FeSi 2 . In the SPE growth of this study, the Fe-Si amorphous layer deposited at T s = RT was rapidly heated to the reaction temperature of 800°C (800°C min −1 ). As a result, the amorphous layer could be transformed to β-FeSi 2 before the Fe atoms diffused into the Si substrate. Therefore, the generation of defects in the Si substrate was suppressed, and only intrinsic PL of β-FeSi 2 was observed in the SPE-grown DH samples. Finally, in the DH samples grown on Si(111) at T s = RT, the PL intensity was decreased with the increase of β-FeSi 2 thickness, but the PL lifetime representing the radiation transition probability was constant. The dependence of PL intensity on β-FeSi 2 thickness is qualitatively explained by the injection efficiency of photoexcited carriers from Si to β-FeSi 2 . In the epitaxial growth of β-FeSi 2 (110)(101)//Si(111), there are large lattice mismatches of δ 1 = −5.3% along Si〈112〉 and δ 2 = +1.4% along Si〈110〉. 31) The lattice mismatches induce defects such as stacking faults inside Si or β-FeSi 2 . When the photoexcited carriers are injected from Si to β-FeSi 2 , the part of carriers trapped at the defects disappear by nonradiative processes. There is a possibility that the nonradiative processes are suppressed with the decrease of β-FeSi 2 thickness. As described above in any case, the TEM observation is necessary to evaluate the defects and the morphology in the DH samples with different β-FeSi 2 thickness.
Conclusions
In the β-FeSi 2 polycrystalline thin films grown by RF magnetron sputtering, the 1.54 μm PL intensity was increased in the B-doped film by the hole capture to the acceptor level formed by the B-doping. In the Si/B-doped β-FeSi 2 /Si DH structure, the 1.54 μm PL intensity was much enhanced by both the hole trapping and carrier confinement effects in β-FeSi 2 . In the investigation of PL lifetimes, the DH samples grown by SPE on Si(111) substrates showed only intrinsic PL of β-FeSi 2 . The SPE growth of β-FeSi 2 was effective to suppress the dislocation-related PL of Si.
